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GEOHYDROLOGY OF ALLUVIUM AND TERRACE 
DEPOSITS OF THE CIMARRON RIVER FROM 
FREEDOM TO GUTHRIE, OKLAHOMA

By Gregory P. Adams and DeRoy L. Bergman

Abstract

Ground water in 1,305 square miles of Qua­ 
ternary alluvium and terrace deposits along the 
Cimairon River from Freedom to Guthric, Okla­ 
homa, is used for irrigation, municipal, stock, and 
domestic supplies. As much as 120 feet of clay, silt, 
sand, and gravel form an unconfincd aquifer with 
an average saturated thickness of 28 feet. The 
1985-86 water in storage, assuming a specific yield 
of 0.20, was 4.47 million acre-feet. The aquifer is 
bounded laterally and underlain by relatively 
impermeable Permian geologic units. Regional 
ground-water flow is generally southeast to south­ 
west toward the Cimarron River, except where the 
flow direction is affected by perennial tributaries.

Estimated average recharge to the aquifer is 
207 cubic feet per second. Estimated average dis­ 
charge from the aquifer by seepage and cvapotrans- 
piration is 173 cubic feet per second. Estimated 
1985 discharge by withdrawals from wells was 
24.43 cubic feet per second.

Most water in the terrace deposits varied 
from a calcium bicarbonate to mixed bicarbonate 
type, with median dissolvcd-solids concentration 
of 538 milligrams per liter. Cimarron River water is 
a sodium chloride type with up to 16,600 milli­ 
grams per liter dissolved solids.

A finite-difference ground-water flow model 
was developed and calibrated to test the conceptual 
model of the aquifer under steady-state conditions. 
The model was calibrated to match 1985-86 aqui­ 
fer heads and discharge to the Cimarron River 
between Waynoka and Dover.

INTRODUCTION

Ground water in the alluvium and terrace depos­ 
its along the Cimarron River in northwestern Okla­

homa is used extensively for irrigation, municipal, 
stock, and domestic supplies. It is the major source of 
water for the City of Enid, the largest single user of 
ground water in Oklahoma. Due to the increasing 
demands for water within the State, the U.S. Geologi­ 
cal Survey, in cooperation with the Oklahoma Geologi­ 
cal Survey, conducted an investigation from 1985 to 
1988 designed to provide State water managers with 
the quantitative knowledge necessary to manage the 
ground-water resources of this area effectively.

Purpose and Scope

The objectives of this report arc to: (1) Describe 
the geologic setting of the alluvium and terrace depos­ 
its along the Cimarron River from Freedom to Guthric, 
Oklahoma (fig. 1); (2) estimate the quantity of water in 
storage, the annual recharge, and the annual discharge 
from the alluvium and terrace deposits to the Cimarron 
River; (3) describe the water quality of the alluvium 
and terrace deposits; and (4) develop a mathematical 
model to test the conceptual model of the ground-water 
hydrology of the alluvium and terrace deposits.

Previous Investigations

Reed and others (1952) investigated the ground- 
water resources of the Cimarron terrace for a distance 
of about 40 miles (mi) along the north side of the 
Cimarron River between Clco Springs and Dover (fig. 
1). Their study described the geology of the alluvium 
and terrace deposits and underlying Permian rocks, 
presented available well information, discussed water 
use, feasibility of further development and ground- 
water yields, gave estimates of the aquifer properties, 
and described the surface- and ground-water-quality 
characteristics in the area.
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A study done by the Oklahoma Water Resources 
Board (1975) demonstrated the application of surface- 
resistivity techniques to delineate salt-water contami­ 
nation in the aquifer north of the Cimarron River from 
the Kansas-Oklahoma border to Guthric, Oklahoma. 
The study addressed sodium chloride contamination, 
both from naturally occurring salt beds and from oil- 
and gas-production activities. The surface-resistivity 
technique was useful in delineating salt water in areas 
where bedrock was near the surface and the terrace 
was composed of sand.

Engineering Enterprises, Inc. (1977) conducted 
a study of ground-water flow and chloride contamina­ 
tion of several drainages in the Arkansas River Basin, 
including the Cimarron River. Their study included 
test-hole drilling, surface- and ground-watcr-quality 
sampling, measurements of strcamflow in the Cimar­ 
ron River and its tributaries, and delineation of areas 
contributing salt to surface and ground waters.

The Hydrologic Atlas scries, a regional recon­ 
naissance investigation of Oklahoma's hydrology and 
geology, was prepared cooperatively by the Oklahoma 
Geological Survey and the U.S. Geological Survey. 
Four atlases cover segments of the study area: The 
western part is in the Woodward quadrangle (Morton, 
1980), the northeastern part is in the Enid quadrangle 
(Bingham and Bergman, 1980), the southeastern pait 
is in the Oklahoma City quadrangle (Bingham and 
Moore, 1975), and the south-central part is in the Clin­ 
ton quadrangle (Carr and Bergman, 1976).

Engineering Enterprises, Inc. (1982) conducted 
a test-drilling and ground-watcr-modcling study of the 
Clco Springs and Ringwood well field. Field work 
included drilling 115 observation wells for collection 
of water-quality samples, instrumenting 7 monitoring 
wells, conducting aquifer testing at 9 wells, and col­ 
lecting electric logs at 2 wells and gamma logs at 76 
wells. Results of the ground-watcr-modcling study 
showed that 30 years of pumping, assuming an annual 
ground-water recharge of 4 inches (in.), would sustain 
a yield of 3.8 million gallons per day (Mgal/d) from 
the Clco Springs well field, an area of 42.5 square 
miles (mi2 ) northwest of Clco Springs; and 2.5 Mgal/d 
from the Ringwood well field, an area of 26 mi2 north­ 
west of the confluence of the Cimarron River and 
Indian Creek.

Data for the present project arc published in 
Open-File Report 94-504 "Hydrologic data for the 
alluvium and terrace deposits of the Cimarron River 
from Freedom to Guthric, Oklahoma" (Adams and

others, 1994). The report contains well and test-hole 
records, consisting of ground-water levels, depth of 
wells, and primary use of water. Water levels include 
continuous, daily, monthly, and periodic measure­ 
ments for selected wells. Concentrations of common 
chemical constituents, selected trace elements, organic 
constituents, and tritium in water samples from wells 
completed in the Cimarron River alluvium and terrace 
deposits and Permian geologic units are reported. 
Winter and summer base-flow discharge measure­ 
ments of the Cimarron River and tributaries to the 
Cimarron River are presented together with water- 
quality data from the measuring sites. Continuous pre­ 
cipitation-gage and continuous water-level data arc 
presented graphically.

Additional reports describing the geology, 
hydrology and water quality of the study area arc 
listed in the selected references.

Acknowledgments

The authors thank the personnel of the Okla­ 
homa Water Resources Board for their cooperation in 
all phases of the study and for supplying data vital to 
the study. Special thanks arc extended to the residents 
of the study area for their cooperation in providing 
access to wells and streams on their lands and for fur­ 
nishing information to the U.S. Geological Survey.

DESCRIPTION OF THE STUDY AREA

The study area consists of 1,305 mi2 underlain 
by Quaternary alluvium and terrace deposits associ­ 
ated with 115 mi of the Cimarron River from Freedom 
to Guthric, Oklahoma (fig. 1). The Oklahoma Water 
Resources Board defines the Cimarron River ''ground- 
water basin" to be the 1,223.0 mi2 where the alluvium 
and terrace deposits contain 5 feet or more of saturated 
thickness. In this report the alluvium and terrace 
deposits associated with the Cimarron River that 
encompass the "ground water basin" arc considered a 
single aquifer unit, and for convenience will be 
referred to as the aquifer.

Physiography and Drainage

The study area is included in the Osage Plains 
section of the Central Lowland physiographic prov-



incc (Fenncman and Johnson, 1946). Much of the land 
surface is sand dunes that are stabilized by vegetation. 
About one-fourth of the terrace is characterized by a 
gently undulating to flat prairie-like surface sloping 
toward the river. Upland and valley slopes arc vege­ 
tated by prairie grasses, small oaks, and brush. Larger 
trees arc scattered along the flood plain of the Cimar­ 
ron River and its tributaries.

The altitude of the study area ranges from 1,700 
feet (ft) in the northwest to about 920 ft in the south­ 
east. In general, local relief varies from 5 ft in the prai­ 
rie-like areas to 10 to 30 ft in dune areas, with a few 
higher dunes in the upland. The greatest local relief 
occurs along the north side of the Cimarron River 
where some dunes reach heights of 50 to 70 ft.

The study area lies within the Cimarron River 
drainage basin. The Cimarron River headwaters arc in 
Union County, New Mexico, near the New Mexico- 
Colorado and New Mexico-Oklahoma State lines. The 
river flows easterly and southeasterly through Colo­ 
rado, Kansas, and Oklahoma, and terminates in Key­ 
stone Reservoir on the Arkansas River. The Cimarron 
River drainage basin is bounded to the south by the 
North Canadian River drainage basin and to the north 
by the Arkansas River drainage basin. The total drain­ 
age basin of the Cimarron River is about 18,927 mi2, 
of which 4,927 mi2 arc non-contributing area (Okla­ 
homa Water Resources Board, 1991). The drainage 
area of the study area between Freedom and Guthrie, 
Oklahoma, is 4,186 mi2. This drainage area was deter­ 
mined from Water Resources Data for Oklahoma, 
Water Year 1992 (Blazs and others, 1993).

The Cimarron River is a mature, well-developed 
river with a defined channel and flood plain. The strc- 
ambcd generally is flat and sandy. South- and south­ 
east-trending tributaries drain the alluvium and ten-ace 
deposits of the study area. In general, most tributaries 
have well-defined dendritic drainage. However, large 
areas of poorly defined surface drainage are present 
along the upper reaches of minor tributaries and along 
some drainage divides. Some of these areas do not 
contribute direct surface runoff to streams during 
storms. Flooding and inundation of the upland areas 
between Hoylc Creek and Preacher Creek (fig. 2) have 
caused major economic loss from poor drainage in the 
dune areas during periods of heavy precipitation, high 
ground-water tables, or both (U.S. Department of 
Agriculture, 1975b).

Perennial tributaries to the Cimarron River in 
the study area are Eagle Chief Creek, Indian Creek,

and Turkey Creek (fig. 2). These streams originate out­ 
side the study area in Permian-age geologic units and 
become perennial from ground water draining the ter­ 
race deposits. In addition, Whitehorse Creek, Little 
Eagle Chief Creek, Dog Creek, Sand Creek, a tribu­ 
tary of Eagle Chief Creek, Hoylc Creek, Preacher 
Creek, Little Turkey Creek, West Fork Sooner Creek, 
and East Fork Sooner Creek (tig. 2) have sustained 
flow during multi-year periods of above-normal rain­ 
fall, when ground-water levels are high.

Land Use

Generalized land-cover and land-use of the 
study area arc shown in table 1 (Mark Gregory, Okla­ 
homa State University, written commun., 1988). Agri­ 
culture and ranching, with related service companies, 
arc the principal land users of the region. Oil and gas 
production and related petroleum service companies 
arc the principal industrial users in the area.

The number of individual farming operations 
declined between 1930 and the present; the remaining 
operations arc larger in size. Increasing overhead 
costs, coupled with variable rainfall, were the primary 
reasons for this decline (Burton and Frybergcr, 1974). 
Since the development of modern irrigation methods, 
the total cropland acreage has increased because irri­ 
gated, sandier lands have become profitable for culti­ 
vation. Wheat is the principal crop grown in the study 
area. Barley, sorghum, oats, and hay arc other major 
crops. Beef production from farms, ranches, and feed- 
lot operations are very important to the region. Dairy 
farms, sheep, and pig production are other major live­ 
stock activities (Burton and Frybergcr, 1974). Little 
industrialization in the area has taken place, other than 
activities related to the petroleum industry. Oil and gas 
production is a major revenue producer within the 
area, and in many cases, it has provided the financial 
base for establishment of irrigation systems for indi­ 
vidual landowners (Burton and Frybcrger, 1974). The 
study area contains several small communities, but has 
no large urban areas.

Climate

The climate of the study area in the northwest is 
dry and in the southeast is subhumid. Most precipita­ 
tion occurs as rainfall, with some light snow or sleet 
during the winter. Most precipitation falls during the

Geohydrology of Alluvium and Terrace Deposits of the Cimarron River From Freedom to Guthrie, Okla.
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Table 1. Generalized land-cover and land-use of the study area
[Source of data: Mark Gregory, Oklahoma State University, written commun., 1988]

Generalized Class Land-cover and land-use categories 1 Percent

Non-irrigated cropland 

Native rangeland

Pasture 

Brush - upland

Irrigated cropland

Brush bottomland 

Urban

Sand dunes (unvegctated) 

Forest upland

Irrigated pasture 

Forest bottomland

Wetlands 

Water

Cropland and urban cropland

Open grasslands, sand sagebrush, shinncry oak (low density), mesquite (low 
density), juniper or eastern red cedar (low density), blackjack-postoak brush 
(low density), cotlonwood-elm-hackberry-willow (low density), salt cedar 
(low density), persimmon-winged elm-sumac-osagc orange (low density), 
upland shrubs (blackberry, rough leaf dogwood, skunkbush, buckbrush, 
hawthorn, sumac, and plum-low density), and yucca or cactus

Old world blueslems, lovegrass, bcrmudagrass, tall whcatgrass

Shinnery oak, juniper or easier red cedar, blackjack-posloak brush, persim­ 
mon, winged elm, sumac, osage orange, blackberry, rough leaf dogwood, 
skunkbush, buckbrush, hawthorn, and plum

Cropland-irrigated (alfalfa, barley, corn, peanuts, sorghum, soybeans, wheat, 
and other crops)~

Mesquile, coltonwood, elm, hackbcrry, willow, and salt cedar

Urban and built-up land, urban ranchcttes, farmsteads, industrial sites, con­ 
fined feeding operations, quarries and gravel pits, highways, recreation land, 
and land fill

Active sand dunes

Orchards, groves, horticultural crops, commercial nursery, shorllcaf pine, 
oak, hickory, post oak, blackjack oak, and eastern red cedar

Old world blueslems, lovegrass, bcrmudagrass

Bottomland hardwoods, bottom woodlands, forested (wetlands), and pecan 
groves

Welland-non-forcsled (grass and or shrubs)

Water, water and bare sand channel, and sewage lagoon

53.7

30.4

5.3 

4.4

1.8 

1.7

0.7 

0.3

0.3 

0.1

O.I 

0.1

Total 100.0

Generalised class and land-cover and land-use categories are based on Soil Conservalion Service classification system. 
Oklahoma Water Resources Board, written commun., 1989.

spring and summer months during moderate to intense 
storms. May, June, and September arc normally the 
wettest months (fig. 3). National Climatic Data Center 
precipitation records show that the 1950-90 average 
annual precipitation ranged from approximately 24 in. 
in the northwest to approximately 32 in. in the south­ 
east (fig. 4). The mean of these average annual precipi­ 
tation amounts at Freedom, Kingfisher, Waynoka, and 
Gulhric is approximately 27 in. The area is subject to 
prolonged periods of deficient rainfall with annual pre­

cipitation as little as 55 percent of the long-term aver­ 
age. During the period of study (1985 through 1988) 
precipitation was slightly above the long-term average 
except for 1988, which was slightly below average. 
Seasonal variations of precipitation across the study 
area for 1950-90 arc illustrated in figure 3.

The prevailing wind direction is southerly, 
although northerly winds prevail from November 
through March. Average monthly wind velocity varies

Geohydrology of Alluvium and Terrace Deposits of the Cimarron River From Freedom to Guthrle, Okla.
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from 15 mi per hour in March and April to 11 mi per 
hour in July and August (Burton and Frybcrgcr, 1974).

Geologic Framework

The rocks exposed within the study area arc 
sedimentary and range in age from Permian to Quater­ 
nary (fig. 5). The rocks of Permian age arc a clastic 
and cvaporitc sequence that strikes generally to the 
northwest and have regional south to southwest dips 
ranging from 4 to 30 ft/mi (Morton, 1980). Within the 
study area, Permian geologic units crop out in isolated 
areas where streams have eroded the alluvium and ter­ 
race deposits. Permian geologic units consist primarily 
of a thick sequence of red shales, iinc-grained sand­ 
stones, siltstoncs, dolomite, gypsum, and salt beds 
(Morton, 1980; Bingham and Bergman, 1980; Bing- 
ham and Moore, 1975; and Carr and Bergman, 1976). 
The strata arc generally red to reddish-brown and 
locally arc referred to as red beds. The Permian geo­ 
logic units crop out in northwesterly trending bands 
with the oldest formation found at the southeast end of 
the study area (fig. 5). These units, in ascending order, 
arc the Wellington Formation, Garbcr Sandstone, Hen- 
ncsscy Group, Cedar Hills Sandstone basal unit of El 
Rcno Group, El Rcno Group (except Cedar Hills 
Sandstone), Whitchorsc Group, and Cloud Chief For­ 
mation.

The Quaternary deposits consist of alluvium, 
terrace deposits, and dune sand. These deposits uncon- 
formably overlie the Permian geologic units. Terrace 
deposits were laid down by the ancestral Cimarron 
River as it migrated southwesterly down the regional 
dip of the underlying Permian geologic units. The ter­ 
race deposits are composed of intern"ngering lenses of 
clay, sandy clay, and cross-bedded poorly sorted sand 
and gravel. The color is predominantly reddish brown, 
but it ranges to brown, gray, and black. Scattered peb­ 
bles and cobbles arc found in much of the clay. Quartz 
is the predominant constituent of the gravels, and 
other constituents arc feldspar, ferruginous shale, and 
quartzitic sandstone (Reed and others, 1952). Thick­ 
ness of the terrace deposits varies from zero to 120 ft. 
Variation in thickness over the study area is attributed 
to erosional features existing in the underlying Per­ 
mian and variations in deposition and erosion of ter­ 
race deposits. Discussion of different types of 
dcpositional and facics deposits and their locations 
was considered outside the scope of this study.

Alluvium associated with the Cimarron River 
and its main tributaries represents the present cycle of 
river erosion and rcdeposition of dctrital sediments. 
Cimarron River alluvium thickness averages more 
than 20 ft, but varies from zero to about 50 ft. Allu­ 
vium is lithologically similar to the adjoining terrace 
deposits. The alluvium is separated from higher ter­ 
race deposits by a weII-defined topographic break 
(Reed and others, 1952).

The dune-sand deposits arc wind-laid river- 
channel sediments that form a strip ranging from 7 to 
10 mi in width north of the Cimarron River floodplain 
(Reed and others, 1952). Their placement is believed 
to be caused by the prevailing southerly winds (Reed 
and others, 1952). Dune material consists of brown to 
reddish-brown, fine to coarse sand, containing small 
amounts of argillaceous material and calcareous 
cement (Reed and others, 1952). Dune heights are as 
much as 70 ft. A few large dunes arc unvcgetated in 
the area, the most notable of which are in Little Sahara 
State Park south of Waynoka (fig. 1).

HYDROLOGY

Surface Water

Strcamflow in the study area is sustained by 
ground-water discharge from the Cimarron River allu­ 
vium and terrace deposits. The major perennial 
streams of the study area arc the Cimarron River, 
Eagle Chief Creek, Indian Creek, and Turkey Creek.

U.S. Geological Survey streamflow gaging sta­ 
tions on the Cimarron River have been located in the 
study area (fig. 6) south of Freedom at the old State 
Highway 50 bridge (station number 07157980), at the 
western edge of the study area, from October 1973 to 
September 1980; south of Waynoka at the U.S. High­ 
way 281 bridge (station number 07158000), from Sep­ 
tember 1903 through December 1905 and from 
October 1937 to the present (1994); south of Dover at 
the U.S. Highway 81 bridge (station number 
07159100), near the eastern edge of the study area, 
from October 1973 to the present; and north of Guthrie 
(station number 07160000) downstream from the 
study area, from October 1937 through September 
1976, and from October 1983 to the present.

Streamflow gaging-station data arc unavailable 
for tributaries to the Cimarron River that drain Cimar-
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ron River alluvium and terrace deposits. However, 
gaging-station data are available for two tributaries to 
the Cimarron River that drain the Permian geologic 
units north and south of the river outside of the study 
area (fig. 6): Salt Creek near Okcenc (station number 
07158400), 1973-80, 1986, 1988; and Turkey Creek 
near Drummond (station number 07159000), 1947-48, 
1952-53, 1955-56, and 1976. Low flows of Salt Creek 
are sustained by mineralized outflow from springs in 
the Flowerpot Shale, part of the El Rcno Group (Engi­ 
neering Enterprises, Inc., 1977).

The drainage areas between strcamflow gaging 
stations at Freedom, Waynoka, Dover, and Guthrie 
along the Cimarron River arc given in table 2. Also 
included in the table arc the total area, ground-watcr- 
basin, and contributing areas of the Cimarron River 
alluvium and terrace deposits.

Base flow to the Cimarron River between Dover 
and Guthrie is augmented by sewage outflows from 
Bcthany, Oklahoma City, and Edmond which arc 
located 24 to 16 mi south of the study area (cities arc 
not shown on fig. 1). Sewage outflows arc conveyed 
by Cottonwood Creek to the Cimarron River just 
upstream from the gaging station at Guthrie (Okla­ 
homa Department of Environmental Quality, oral 
commun., 1993). Therefore, low flow from the drain­ 
age area between Dover and Guthrie docs not reflect 
natural base-flow conditions and was not used in esti­ 
mating aquifer discharge.

Analyses of Cimarron River strcamflow data for 
the Freedom, Waynoka, Dover, and Guthrie gaging 
stations from 1973 through 1990 indicate that the 
intervening stream reaches arc gaining reaches. Days 
of no strcamflow occurred at times during most years 
on the Cimarron River near Freedom and Waynoka, 
while perennial flow occurred during the same period 
on the Cimarron River near Dover and Guthrie. A 
comparison of strcamflow for the gaging stations at 
Waynoka and Dover is illustrated by flow-duration 
curves in figure 7. These curves illustrate the percent 
of time that the daily mean discharge has equalled or 
exceeded any given value during the period 1973-90. 
For example, 50 percent of the time a flow of 87.9 
cubic feet per second (ft /s) or more occurred for the 
Cimarron River near Waynoka; 50 percent of the time 
a flow of 272 ft3 As or more was present for the Cimar­ 
ron River near Dover. Daily values duration hydro- 
graphs were calculated from a method described by 
Wilson (1981) from U.S. Geological Survey data.

The upper segment of the flow-duration curve 
represents the direct surface-runoff characteristic of 
the stream, whereas the lower end of the flow-duration 
curve represents the low-flow characteristic of the 
stream. The difference in curve slopes at the lower end 
of the flow-duration curves for the Waynoka and 
Dover gaging stations illustrates the significant gain in 
base flow along the Cimarron River reach between 
Waynoka and Dover.

Three main perennial gaining streams drain the 
aquifer within the study area: Eagle Chief, Indian, and 
Turkey Creeks. In addition, parts of Whitchorse, Dog, 
Little Eagle Chief, Sand, Hoyle, Preacher, Little Tur­ 
key, West Fork Sooner, East Fork Sooner Creeks, and 
several unnamed tributaries not shown on the figures 
receive ground-water outflow from the alluvium and 
terrace deposits during periods of high ground-water 
levels during this study (1985-88). A few low-flow 
measurements were made at sites along some of these 
streams during past years: Eagle Chief Creek near 
Aline (station number 07158100), 1953-55 and 
1961 73; Indian Creek near Ringwood (at locations 
21 N-l 0 W-l 4 BBB and 21 N-l 0 W-20 B), 1950 (Reed 
and others, 1952); Hoylc Creek near Ames (station 
number 07158140), 1950-52; Preacher Creek near 
Dover (station number 07158500), 1950-52; and Tur­ 
key Creek near Dover (station number 07159203), 
1950.

Eagle Chief Creek provides a substantial contri­ 
bution of base flow to the Cimarron River. The drain­ 
age basin of Eagle Chief Creek at Clco Springs 
(station number 07158105) comprises 480 mi2, of 
which about 397 mi2 is underlain by terrace deposits. 
The stream channel is incised into the underlying Per­ 
mian geologic units near the town of Carmen. Eagle 
Chief Creek is an intermittent stream above its contact 
with the terrace deposits and becomes perennial below 
the contact. Reaches of Little Eagle Chief Creek, Sand 
Creek, and several unnamed tributaries not shown on 
the figures provide small perennial flows to Eagle 
Chief Creek. Sand Creek is a perennial stream from 
3.5 mi. south of the town of Hopcton to Eagle Chief 
Creek.

Indian Creek near Ringwood (station number 
361723098175701) drains 75.4 mi2, of which 51.1 
mi2 is underlain by terrace deposits. The Indian Creek 
channel is incised into underlying Permian geologic 
units from about 2 mi downstream from the town of 
Ringwood to the terrace deposits contact and again is

12 Geohydrology of Alluvium and Terrace Deposits of the Cimarron River From Freedom to Guthrie, Okla.
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incised into Permian geologic units from near its con­ 
fluence with the Cimarron River. Indian Creek is a 
perennial stream from below Ringwood downstream 
to the Cimarron River.

Turkey Creek at Dover (station number 
355842097551201) drains 428 mi 2 , of which about 
180 mi2 is underlain by alluvium and terrace deposits. 
Turkey Creek becomes a perennial stream near its con­ 
tact with terrace deposits near the town of Hcnncsscy. 
Little Turkey Creek provides a small perennial flow to 
Turkey Creek that originates from thin terrace deposits 
south of Hcnncsscy.

Six streams originate in the terrace deposits: 
Whitehorsc, Dog, Hoylc, Preacher, West Fork Sooner, 
and East Fork Sooner Creeks. Whitehorse and Dog 
Creeks provide small perennial flows to the Cimarron 
River. Hoylc and Preacher Creeks arc classified as 
intermittent streams in an earlier report (Reed and oth­ 
ers, 1952), but reaches of these streams were perennial 
during the period of this study (1985-88). These 
creeks probably have sustained flow when ground- 
water levels in the surrounding terrace arc high. Hoylc 
Creek originates within a 1 mi marsh-like floodplain 
area and flows to northwest of Amcs, where flow 
decreases downstream. Southwest of Amcs, flow in 
Hoylc Creek increases and the stream enters an exten­ 
sive, low marshy area with poor drainage. The 
decrease in flow along the reach north and south of 
Ames probably is caused by infiltration induced by 
pumpage of several municipal supply wells along the 
creek. Flow for Preacher Creek near Dover (station 
number 07158500), which has a drainage area of 14.5 
mi2 , originates within a marshy area. West Fork 
Sooner and East Fork Sooner Creeks (station numbers 
355540097442301 and 355540097440701) arc peren­ 
nial streams and have drainage areas of 9.8 and 11.2 
mi2, respectively. These flows originate within the ter­ 
race deposits.

Seven intermittent streams drain the aquifer 
within the study area: Anderson, Redhorse, Wildcat, 
Sand, Dog, and Walnut Grove Crccks.The channels of 
Anderson, Redhorse, and Wildcat Creeks originate in 
Permian geologic units.

Ground water is the source of base flow in 
streams, and flow volume is related to ground-water 
levels, hydraulic gradient, and hydraulic conductivity 
of the aquifer. Base flow increases with rises in 
ground-water levels and decreases with declines in 
ground-water levels. The highest ground-water alti­

tudes arc during the winter when cvapotranspiration 
losses and ground-water use are minimal; the lowest 
ground-water altitudes arc in the summer when evapo- 
transpiration losses and water use arc at a maximum.

Analysis of base flow can be used to estimate 
recharge to an aquifer, provided the aquifer is in equi­ 
librium and reliable estimates of ground-water use can 
be obtained. If there is no change in storage, ground 
water discharges to streams at approximately the same 
rate as the aquifer receives recharge, less the ground- 
water use. A series of measurements and estimates of 
base flow in the Cimarron River and its tributaries was 
made in 1986. The measurements were made during a 
period in which surface-water runoff from storms had 
dissipated. Therefore, streamflow was considered to 
be from ground-water contributions only. The base- 
flow measurements were used to evaluate the differ­ 
ence in areal contribution to the Cimarron River 
between tributaries draining the Permian geologic 
units north and south of the river and tributaries drain­ 
ing the aquifer north of the river. This information was 
used to approximate the average annual recharge and 
discharge for the aquifer, (sec "Recharge" and "Dis­ 
charge" sections)

Two scries of base-flow measurements and esti­ 
mates were made in 1986 to evaluate the source of 
base flow in the Cimarron River in the study area 
(tables 3 and 4). The first scries of measurements was 
obtained in late February when water levels were at 
yearly highs and cvapotranspiration negligible. A sec­ 
ond series was obtained in September when water lev­ 
els were at yearly lows and cvapotranspiration was 
high. Streamflow measurements and estimates were 
obtained at 16 tributaries to the Cimarron River 
between the stream gages at Waynoka and Dover (figs. 
1 and 6). Twelve sites were on tributaries draining the 
Permian geologic units north and south of the river 
(table 3) and four sites on streams draining the aquifer 
north of the river (table 4).

The measurements made in February 1986 indi­ 
cate that the total base-flow gain in the Cimarron River 
between the Waynoka and Dover gaging stations was 
171 ft/s. The contributing area of the aquifer to the 
Cimarron River and its perennial tributaries between 
these two stations was measured on the potcntiometric 
map as 899.4 mi2 (fig. 8). The contribution of flow 
from streams draining the Permian geologic units was 
38.1 ft3/s, which was deducted from the total base- 
flow gain. The total contribution from the aquifer 
within the 899.4 mi2 area to the Cimarron River was
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133 ft3/s. Of this 133 fl3/s, contribution of flow from 
major perennial streams draining the aquifer is 55.6
ft3/s (table 4). The remaining 77.4 ft3/s is considered 
base flow from the north side of the Cimarron River,
an average contribution of 0.90 ft3/s per river mile. 
Contribution from the south side, other than the 38.1

o

ft /s, is considered negligible because of the low 
hydraulic conductivity of the Permian geologic units.

In September 1986, the total base-flow gain 
within the reach of the Cimarron River between the 
Waynoka and Dover gaging stations was 71.4 ft3/s. 
The contribution of flow from streams draining the 
Permian geologic units was 13.8 ft3/s, leaving the total 
base flow from the aquifer to the Cimarron River of 
57.6 ft3/s. Of this 57.6 ft3/s, major perennial streams 
draining the aquifer account for 27.9 ft3/s (table 4). 
The remaining 29.7 ft3/s is considered base flow from 
the north side of the Cimarron River, an average of 
0.35 ft3/s per river mile.

To determine if the winter and summer base- 
flow measurements made in 1986 were representative 
of long-term averages, historic strcamflow records 
were examined for the Waynoka and Dover gaging 
stations. For this analysis, total gain in the February 
7-<lay low flow between the two stations and total gain 
in the September 7-<lay low-flow based on a 2-year 
recurrence interval for 1974 90 were compared, as 
shown below:

February September

Measured
base flow

7-day,
2-year

recurrence 
interval
low flow

Measured
base flow

7-day,
2-ycar

recurrence 
interval
low flow

171 IV'Vs !49(VVs 71.4ft3/s 59

In any given year the probability is 50 percent 
that the average difference in minimum flow between 
Waynoka and Dover for 7 consecutive days will be 
less than 149 ft3/s in February and less than 59 ft3/s in 
September. The measured base flows of 171 ft3/s in 
February and 7 1 .4 ft /s in September arc considered to 
be representative of total base-flow gain for the reach 
of Cimarron River between Waynoka and Dover gag­

ing stations, because the statistical 7-day, 2 year 
recurrence interval low-flow values of total gain are in 
reasonable agreement with the measured base-flow 
values.

To determine if the measured February base- 
flow total gain of 171 ft3/s is representative of an aver­ 
age annual base-flow for 1985-86, a strcamflow 
hydrograph separation technique described by Olm- 
stcd and Hcly (1962) was used. A total average annual 
base-flow value of 170 ft3/s was determined by 
stream-flow hydrograph separation method using 
1985-86 strcamflow hydrographs from the Cimarron 
River at Waynoka and Dover gaging stations. Thus the 
measured February base flow is considered representa­ 
tive of average annual base flow within the reach of 
Cimarron River between Waynoka and Dover gaging 
stations.

Ground Water

The principal aquifer in this study area consists 
of Quaternary alluvium and terrace deposits associated 
with the Cimarron River. The aquifer boundaries were 
determined from geologic maps from Morton (1980), 
Bingham and Bergman (1980), Bingham and Moore 
(1975), and Carr and Bergman (1976), and from field 
checks during the investigation.

Ground water in the zone of saturation is con­ 
tained in the voids of the unconsolidatcd alluvium and 
terrace deposits. Unconfincd conditions exist in an 
aquifer when the upper surface of the water is not con­ 
fined by an overlying relatively impermeable unit and 
the water surface is free to fluctuate at atmospheric 
pressure. Regionally, the aquifer is an unconlined 
aquifer, although it may be confined locally by silt and 
clay layers. Yields from wells generally range from 
about 5 gal/min for stock and domestic wells to 500 
gal/min for industrial, irrigation, and municipal supply 
wells.

The underlying Permian geologic units, other 
than the Cedar Hills Sandstone and the Garber Sand­ 
stone, arc relatively impermeable. These underlying 
units consist of clastic and evaporite sequences with 
low hydraulic conductivity that allow limited flow of 
water from and to the aquifer.

Wells drilled into the Cedar Hills Sandstone 
generally have small yields, not always sufficient for 
stock supplies, because of low transmissivity in sand­ 
stone. Locally, wells penetrating lenticular sandstones
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in the Cedar Hills Sandstone yield sufficient water for 
stock supply or municipal needs when completed in 
both the Cedar Hills Sandstone and terrace deposits. 
The arcal and vertical extent of these lenticular sand­ 
stones is not known. No large-capacity wells are 
present in the Garbcr Sandstone north of the Cimarron 
River because the transmissivity is small (Parkhurst 
and others, 1993). Because of the relatively small 
transmissivitics of the Cedar Hills Sandstone and Gar­ 
bcr Sandstone, as compared to the alluvium and ter­ 
race deposits, the volume of water flowing between 
these Permian geologic units and the aquifer is consid­ 
ered to be negligible for purposes of this study.

The configuration of the base of the aquifer is 
shown on figure 9. The data used to prepare this map 
were compiled from Permian bedrock-altitude data 
from previous investigations (Reed and others, 1952; 
Oklahoma Water Resources Board, 1975), drillers' 
well-log data, and altitude of well depth from the U.S. 
Geological Survey's National Water Information Sys­ 
tem (NWIS) data base. Most wells in the study area 
arc drilled to the top of the Permian geologic units.

A potcntiomctric surface is a surface that repre­ 
sents the static hydraulic heads. As related to an aqui­ 
fer, the potcntiomctric surface is defined by the levels 
to which water will rise in tightly cased wells 
(Lohnian and others, 1972). A potentiomctric-surface 
map of the aquifer was constructed by contouring 
measurements of head in wells and the altitude of 
perennial streams (fig. 8). The potentiomctric data 
were obtained from water-level measurements made 
from 1985 through 1986 (Adams and others, 1994). 
Horizontal ground-water movement is perpendicular 
to potcntiomctric contours and in the direction of 
lower head. Higher head occurs at topographically 
high areas farthest from the Cimarron River and its 
major perennial tributaries; areas of low head occur 
near the Cimarron River and its major perennial tribu­ 
taries. Regional ground-water flow is generally south­ 
east to southwest towards the Cimarron River, except 
where the flow direction is affected by perennial tribu­ 
taries to the Cimarron River. The potcntiomctric con­ 
tours form a "V" pointing upstream and intersecting 
the Cimarron River and its perennial tributaries, indi­ 
cating that ground water is discharging to these peren­ 
nial streams, which is corroborated by strcamflow 
measurements. The potcntiomctric contours also show 
no areas where the "V's" arc pointing downstream, 
which would indicate that surface water is discharging 
to the aquifer. Although strcamflow losses were

observed near Amcs caused by pumpagc, additional 
control would better define the areas of strcamflow 
loss on the potcntiomctric map.

In several areas along the northeastern boundary 
of the aquifer the potentiomctric surface (fig. 8) indi­ 
cates that ground water is flowing away from the 
Cimarron River and its perennial tributaries to the 
northeast out of the aquifer. Ground water is thought 
to flow through Permian geologic units and discharge 
into Eagle Chief Creek, Indian Creek, Turkey Creek, 
and Skeleton Creek. In several areas as shown on fig­ 
ure 8, the terrace deposits have little or no saturated 
thickness, which precludes significant ground-water 
flow between these areas and adjacent terrace deposits. 
None of these areas were used in measurements of 
aquifer contributions to base flow of the Cimarron 
River and its tributaries.

The altitudes of wells used to prepare the base- 
of-aquifcr and the potentiomctric-surface maps were 
derived from the U.S. Geological Survey 7.5 minute 
topographic maps. The accuracy of these determina­ 
tions is considered to be plus or minus 10 ft. Thus, the 
basc-of-aquifer and potcntiometric-surface maps arc 
considered accurate to within plus or minus 10 ft.

The difference between the altitude of the 
1985-86 potcntiometric surface and altitude of the 
base of the aquifer is the saturated thickness of the 
aquifer (fig. 10). A contour map of the saturated thick­ 
ness was developed by subtracting the interpolated 
values discrctizcd on the center of 1-nni2 grids of the 
altitude of the base of the aquifer (fig. 10) from the 
interpolated values discrctizcd on the center of 1 mi2 
grids of the altitude of the potcntiomctric surface (fig. 
8) using a management and statistical program called 
the Modular Model Statistical Processor (MMSP) for 
analysis (Scott, 1989). The saturated thickness ranges 
from zero at the boundary of the aquifer to more than 
110 ft. The saturated thickness decreases along the 
Cimarron River and major tributaries. The average 
saturated thickness of the aquifer calculated by MMSP 
was 28 ft in 1985 86. Calculated volumes of water in 
storage in the "ground water basin" (1,223 mi2) in 
1985 86, assuming specific yields of 0.15, 0.17, and 
0.20, arc 3.35 million acre-feet, 3.80 million acre-feet, 
and 4.47 million acre-feet, respectively.

Hydraulic Properties

The hydraulic properties of an aquifer describe 
its ability to transmit and store water. Transmissivity,

20 Geohydrology of Alluvium and Terrace Deposits of the Cimarron River From Freedom to Guthrie, Okla.
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hydraulic conductivity, and specific yield have been 
determined or estimated from 23 selected aquifer tests 
of the alluvium and terrace deposits conducted by pre­ 
vious investigators (Reed and others, 1952; Engineer­ 
ing Entcipriscs, 1977, 1983).

The transmissivitics estimated from aquifer 
tests range from 603 to 10,184 square feet per day 
(ft2/d). The hydraulic conductivity values range from 
15 to 542 feet per day (ft/d). The median hydraulic- 
conductivity value for the alluvium is 221 ft/d and for 
terrace deposits 98 ft/d. The ratio of median hydraulic 
conductivity of alluvium to terrace deposits is 2.3:1.

Specific yields as determined from aquifer tests 
range from 0.0016 to 0.39, with a median value of 
0.067. The lower specific yields in this range arc low 
for an alluvium and terrace aquifer; these values typi­ 
cally range from 0.1 to 0.25. The lower values proba­ 
bly are due to the short duration of some of the aquifer 
tests, which may result in incomplete drainage of the 
initially saturated sediments within the cone of depres­ 
sion.

Recharge

Recharge to the aquifer includes deep percola­ 
tion of precipitation, irrigation return flow, leakage 
through stream channels, and subsurface inflow 
through alluvium.

Deep percolation of precipitation

Infiltration of precipitation is the major source 
of recharge to the aquifer. Only a small amount of the 
total precipitation recharges the aquifer. Most precipi­ 
tation is lost by cvapotranspiration or surface runoff. 
When precipitation exceeds the infiltration capacity of 
the soil zone, most of the excess runs over the land 
surface to streams. Part of the surface runoff is evapo­ 
rated. Some precipitation infiltrates the ground and the 
infiltration rate depends upon soil type, land cover, and 
land use. Precipitation that enters the ground is par­ 
tially retained in the shallow soil zone (unsaturatcd 
zone) by capillary action. Much of this water is 
returned to the atmosphere by transpiration from vege­ 
tation and evaporation from the land surface. The 
remaining water percolates downward to the water 
table by gravity, and is considered recharge to the 
aquifer.

Locally, recharge from precipitation depends 
partly on the infiltration rate of soils. The soils overly­

ing the aquifer have a moderate to rapid infiltration 
rate. The soil types arc predominantly sandy, well- 
drained soils that do not vary greatly over the study 
area (U.S. Department of Agriculture, 1950, 1960, 
1962, 1967, 1968, 1975a).

Average base flows of streams arc indicators of 
recharge to aquifers within their drainage basins, pro­ 
vided that the aquifers arc in or near equilibrium and 
that a good estimate of ground-water withdrawals can 
be obtained. Under equilibrium conditions water 
should discharge to streams at about the same rate as 
the aquifer receives recharge. An estimate of the aver­ 
age annual recharge rate to the aquifers may be 
obtained by dividing the average annual base flow plus 
the average annual pumpagc by the area of the drain­ 
age basin.

As discussed in the "Base Flow" subsection of 
this report, base flow from the aquifer to the Cimarron 
River and perennial tributaries between the Waynoka 
and Dover gaging stations, measured during February 
1986, was 133 ft /s (table 3). This measurement is rep­ 
resentative of long-term average conditions. Only 
899.4 mi2 of the aquifer arc contributing the measured 
base flow in this reach of the Cimarron River, because 
of the location of the measurement reach between 
Waynoka and Dover. Of the 1,223.0 mi2 included in 
the Oklahoma Water Resources Board "ground-water 
basin," only 1,167.2 mi2 of the ground-water basin are 
contributing to the Cimarron River. By linear extrapo­ 
lation, the ground-water flow from 1,167.2 mi of con­ 
tributing area of the aquifer to perennial tributaries and 
to the Cimarron River is estimated to be 173 ft3/s. The 
recharge rate then was estimated by dividing the 
extrapolated base-flow estimate (173 ft3/s)plus the 
reported average annual pumpagc (24.43 ft /s, sec sec­ 
tion on "Withdrawals") by contributing drainage area 
(1,167.2 mi2), to give a recharge rate of 2.3 inches per 
year (in/yr). This recharge amount is approximately 8 
percent of the 27 in/yr mean average annual precipita­ 
tion for the study area. Assuming an average rate of 
2.3 in/yr, the average recharge to the 1,167.2 mi2 of 
contributing area and 55.8 mi2 of non-contributing 
area (discharge out of aquifer) of the aquifer is 207 
ft3/s.

Irrigation return flow

In addition to recharge from precipitation, 
return flow from irrigation water derived from the 
aquifer is estimated to be the second largest recharge
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source for the aquifer. Applied irrigation water is 
returned to the aquifer through deep percolation. No 
measurements of irrigation return flow to the aquifer 
were made; however, an estimated value of 20 percent 
of total irrigation water withdrawn was used. This 
value was used in two studies of the North Canadian 
River alluvium and terrace deposits in Oklahoma 
(Davis and Christcnson, 1981; Christcnson, 1983), 
which have hydrologic conditions similar to those in 
the Cimarron River alluvium and terrace deposits. If 
the return flow from irrigation is estimated at 20 per­ 
cent of the applied water, 13.63 ft3/s for 1985 (9,868 
acre-feet, sec "Water Use" section) return flow would 
be 2.73 tVVs. This applied irrigation water is not 
included as recharge but is subtracted from the irriga­ 
tion withdrawal. Return flow of irrigation water 
obtained from surface-water sources was not included 
in this investigation because it is a minor part of the 
water use (Oklahoma Water Resources Board, written 
commun., 1989).

Leakage through stream channels

Recharge by leakage of surface water through 
stream channels may occur along some perennial 
streams as noted from field observations near Amcs. 
(sec "Surface Water" subsection) The amount of 
stream water recharging the aquifer is considered 
small because base flow measurements indicates that 
ground water is discharging to perennial streams and 
that no large reaches arc losing surface water to the 
aquifer. This is corroborated by the potcntiometric- 
surfacc map (fig. 8) that shows no large areas where 
the Cimarron River or perennial streams arc losing 
water to the aquifer.

Subsurface inflow

Recharge by subsurface inflow occurs at the 
upstream boundaries of the study area along the Cima­ 
rron River and Turkey Creek. The alluvium extends 
beyond the geographic limits of the study area at these 
upstream locations. The amount of ground water mov­ 
ing into the study area at these upstream locations is 
dependent on the cross-sectional area through which 
the flow is occurring, the hydraulic gradient, and the 
hydraulic conductivity of the alluvium. The amount of 
water recharging the aquifer by subsurface inflow is 
small because of the small cross-sectional area of the 
alluvium.

Discharge

Discharge from the aquifer includes discharge 
to streams, cvapotranspiration, withdrawals, leakage 
to Permian geologic units, and subsurface outflow 
through alluvium.

Discharge to streams

Ground-water discharge by seepage into the 
Cimarron River and its perennial tributaries is the 
principal means of discharge from the aquifer. As dis­ 
cussed in the "Recharge'1 '' section of this report, 
ground-water discharge from the 1,167.2 mi2 of con­ 
tributing area of the aquifer to the Cimarron River and 
its perennial tributaries is estimated to be 173 ft /s; 
this rate is considered to include the effect of cvapo­ 
transpiration along streams, in following section.

Evapotranspiration

Evapotranspiration generally is defined as the 
evaporation or transpiration of water from open bodies 
of water, the unsarurated soil zone, and the shallow 
saturated zone. Evapotranspiration, for purposes of 
analysis, is limited to ground water that is discharged 
from the saturated zone of the aquifer to the atmo­ 
sphere by evaporation from soil and transpiration by 
plants. Discharge of water by transpiration from shal­ 
low-rooted vegetation in the unsaturatcd zone and by 
evaporation from open bodies of water that are several 
feet above the water table arc not considered discharge 
from the aquifer. Because the water table in the aquifer 
is generally greater than 12 feet below land surface, 
transpiration from the aquifer by shallow-rooted crops 
and grasses is not considered significant. Phrcato- 
phytcs growing along major streams discharge water 
through transpiration. Discharge by evapotranspiration 
along streams is considered part of discharge from the 
aquifer and is considered leakage to streams for this 
investigation.

Withdrawals

Withdrawals of ground water for municipal, 
irrigation, industrial, and mining use are the second 
largest source of discharge from the aquifer. In 1985 
withdrawals from the aquifer were 24.43 ft3/s, which 
consisted of reported withdrawals, (sec "Water Use" 
section) (table 5) for the following categories: munici-

24 Geohydrology of Alluvium and Terrace Deposits of the Cimarron River From Freedom to Guthrie, Okla.
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pal, 12.72 ft3/s (9,209 acre-feet); irrigation, 13.63 ft3/s 
(9,868 acre-feet); industrial, 0.21 ft3/s (149 acre-feet);
and mining, 0.60 ft3/s (434 acre-feet). Withdrawals 
were tabulated from Oklahoma Water Resources 
Board water-use system and ground-water rights files 
(James Summers, Oklahoma Water Resources Board, 
written commun, 1989), and from the City of Enid 
pumpagc records (Robert Hill, City of Enid, written 
commun., 1993). An irrigation withdrawal rate of
10,90 ft3/s, 80 percent of the reported value was used 
in the water-budget, because 20 percent was consid­ 
ered return flow.

Leakage to Permian geologic units

Leakage to Permian geologic units is the dis­ 
charge of ground water from the aquifer to Permian 
geologic units. Evidence of leakage occurs in limited 
areas. As discussed in the "Ground Water" section, in 
several areas along the northern boundary of the study 
area, ground water flows northeast out of the aquifer, 
seeps through Permian geologic units, and discharges 
into Eagle Chief, Indian, Turkey, and Skeleton Creeks. 
The amount of leakage to the Permian units depends 
on the cross-sectional area of flow, the hydraulic gradi­ 
ent, and the hydraulic conductivity of the Permian 
units. The volume of flow from the aquifer to the Per­ 
mian units is small, because of the relatively small 
hydraulic conductivity of the Permian as compared to 
the alluvium and terrace deposits. No base-flow mea­ 
surements were available for this combined contribut­ 
ing area of 55.8 mi2 .

Subsurface outflow

Discharge by subsurface outflow occurs at the 
downstream boundary of the study area along the 
Cimarron River where the alluvial deposits arc narrow, 
approximately 1 mile wide. The alluvium extends 
beyond the geographic limits of the study area at this 
downstream location. The amount of ground water 
moving out of the study area depends on the cross-sec­ 
tional area through which the flow is occurring, the 
hydraulic gradient, and hydraulic conductivity. The 
amount of water discharging from the aquifer by sub­ 
surface outflow is small because of the small cross- 
sectional area of the alluvium at the downstream 
boundary.

Changes in Water Levels

Seasonal ground-water fluctuations and annual 
long-term trends were evaluated from monthly water- 
level measurements of 45 network wells, periodic 
measurement of 6 wells, and continuous water-level 
measurements of 4 wells (Adams and others, 1994). 
The locations of the 45 monthly network wells are 
shown on figure 6.

Records of monthly water-level measurements 
(Adams and others, 1994) in 45 network wells (fig. 6) 
indicate that the average fluctuation for water year 
1988 (October 1 to September 30) is about 3 ft, and 
fluctuations range from 0.96 to 11.49 ft for individual 
wells (U.S. Geological Survey records). Water-level 
fluctuations arc seasonal; in general the highest water 
levels occur during late winter to late spring, and the 
lowest water levels occur during the summer. Seasonal 
water-level changes typical of the study area arc 
shown in figure 11. Inspection of hydrographs from 
these 45 wells indicates that the water-level fluctua­ 
tions are greatest in areas of shallow water table and in 
recharge areas, and arc less in areas of deep water 
table and in discharge areas.

Water levels trend upward during years of 
above-normal precipitation and downward during 
years of below-normal precipitation. Water levels gen­ 
erally rose during the years 1957-62, 1973 75, and 
1985-87 (fig. 12), when precipitation was near or 
above normal (fig. 4). Significant water-level declines 
occurred during the years 1951 56 and 1963 72, 
when precipitation was below normal (fig. 4). Hydro- 
graphs from selected long-term ground-water record­ 
ers illustrate the water-table response to the variable 
annual precipitation pattern, with a general trend of 
rising water levels (fig. 12) from about 1957 through 
1987.

WATER USE

Ground water is withdrawn for municipal, 
domestic, industrial, mining, irrigation, and stock- 
watering uses inside the study area, and for some 
municipal, domestic, and industrial uses outside the 
study area. Domestic water supplies also arc provided 
by rural water districts, serving areas within and out­ 
side the study area, that obtain water from within the 
study area. Surface water is used for industrial, min-

27
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Figure 11. Water-level hydrographs of selected wells completed in the Cimarron River alluvium and terrace 
deposits for 1988 water year.
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ing. irrigation, and stock-watering supplies, and for 
recreation, fish, and wildlife supplies.

Estimates of ground-water and surface-water 
withdrawals from the aquifer for uses other than pri­ 
vate domestic and stock were obtained from the Okla­ 
homa Water Resources Board water-use system and 
ground-water and surface-water rights files (James 
Summers, Oklahoma Water Resources Board, written 
commun., 1989), and from City of Enid pumpagc 
records (Robert Hill, City of Enid, written commun., 
1993). The Oklahoma Water Resources Board allo­ 
cates ground water, appropriates surface water, and 
collects annual reported water-use data in Oklahoma. 
Some reported water-use withdrawals arc only esti­ 
mates because, under Oklahoma law, metering of 
water use is not required (although many municipal 
and industrial users arc mctered).

Permitted allocations, reported withdrawals, 
and classification of use for ground water (1950-88 
calendar years) from the aquifer arc shown in table 5, 
and appropriations of surface water (19X5 calendar 
year) from the Cimarron River, its tributaries, and 
lakes within the study area arc shown in table 6. Per­ 
mitted allocations for ground-water withdrawal 
increased from 6,480 acre-feet in 1950 to 143,238 
acre-feet in 1988. Total water use reported to the Okla­ 
homa Water Resources Board from 1950 through 1988 
increased from 2,512 acre-feet in 1950 to a maximum 
of 30,801 acre-feet in 1978, then generally declined to 
17,228 acre-feet in 1983. Permitted appropriations and 
reported withdrawals for surface water in 1985 were 
2,853 and 258 acre-feet, respectively (table 6). The 
largest permitted withdrawal was 1,190 acre-feet for 
Eagle Chief Creek, and the smallest permitted with­ 
drawal was 40 acre-feet for West Fork Sooner Creek.

Municipal water supplies for the communities 
of Aline, Alva, Amcs, Clco Springs, Crescent, Dover, 
Enid, Fairvallcy (not shown on fig. 1), Fairvicw, Free­ 
dom, Hcnncsscy, Kingfisher, Okeenc, Oricnta, Ring- 
wood, and Waynoka are withdrawn from the aquifer 
(James Summers, Oklahoma Water Resources Board, 
written commun., 1989). All of these communities arc 
within the Cimarron River drainage basin except for 
Alva and Enid, which arc in the Salt Fork of the 
Arkansas River drainage basin. The City of Enid is not 
only the largest single user of ground water from the 
aquifer but is the largest single user of ground water in 
Oklahoma. The City of Enid has developed well fields 
for municipal water in three areas. These well fields

and the number of wells producing from the terrace 
aquifer arc: Cleo Springs, 31 wells; Ringwood, 28 
wells; and Amcs, 30 wells. Well-ficld-pumpage policy 
during the time of field investigation for this study was 
to pump one field at a tune for I to 3 months (Lester 
Long, Water Production Superintendent, City of Enid, 
oral commun., 1993). Water-table declines in the well 
fields would recover typically in 30 to 60 days (Lester 
Long, Water Production Superintendent, City of Enid, 
oral commun., 1993). Reported annual municipal use 
of ground-water increased from 1,548 acre-feet in 
1950 to 9,209 acre-feet in 1985, then decreased to 
6,412 acre-feet in 1987. The decline in withdrawals is 
due to a decrease in population related to a depressed 
economy associated with changes in the oil, natural 
gas, and agricultural industries (Rcely, 1992). No sur­ 
face-water withdrawal permits have been issued for 
municipal use.

Irrigation wells were first developed in the 
195()'s in the area between Eagle Chief Creek and Tur­ 
key Creek (James Summers, Oklahoma Water 
Resources Board, written commun., 1989), where 
most of the wells arc concentrated. Later well devel­ 
opment expanded westward to the area around 
Waynoka and eastward to the area around Crescent 
(James Summers, Oklahoma Water Resources Board, 
written communication, 1989). At the time of this 
investigation (1985-88), irrigation wells were scat­ 
tered throughout the aquifer, but large areas in Woods 
and Alfalfa Counties had relatively small saturated 
thicknesses and only a few irrigation wells were 
present. Approximately 50,000 acres (80 mi2), or 6 
percent of the land surface overlying the aquifer in 
1985, were irrigated from permitted wells.

Reported annual use of water for irrigation 
increased from 964 acre-feet in 1950 to 22,151 acre- 
feet in 1978, then decreased to 9,434 acre-feet in 1987. 
The smaller reported irrigation use from 1987 through 
1988 was largely because of near-normal to above- 
normal precipitation over most of the area. Other pos­ 
sible reasons irrigation use declined include increased 
fuel costs, more efficient application, a switch to crops 
requiring less water, and a decrease in the number of 
farms. Reported annual surface-water withdrawal for 
irrigation use in 1985 was 206 acre-feet. Withdrawals 
were from Indian Creek, West Fork Sooner Creek, 
East Fork Sooner Creek, and unnamed tributaries.

Industrial use of water from the aquifer was rel­ 
atively small from 1950 through 1988. Maximum
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reported use was 244 acre-feet in 1972 and has since 
ranged from zero to 149 acre-feet per year. Reported 
industrial water use has been related mainly to the 
requirements of the petroleum industry, and does not 
include industrial use serviced by municipal systems. 
Reported surface-water withdrawal for industrial use 
was 10 acre-feet in 1985, all from the Cimarron River 
(table 6).

Water use reported for the purpose of mining in 
this region generally is that amount of water used for 
sand-and-gravel washing operations. The first reported 
ground-water use for this puiposc was 17 acre-feet in 
1951. This annual use increased to about 1,436 acre- 
feet in 1975 and decreased to about 300 acre-feet since 
1986. No surface-water withdrawals were reported for 
mining in 1985. Recreation, fish, and wildlife use of 
surface water was reported to be 42 acre-feet in 1985 
from the Cimarron River.

WATER QUALITY

Available Ground- and Surface-Water-Quality 
Data

Field water-quality measurements and chemical 
analyses of water samples from 50 wells located 
within the terrace deposits were collected during 
1985-86. Specific conductance, pH, and temperature 
were determined at the well sites. Water samples were 
analyzed by the Oklahoma Geological Survey (OGS) 
for alkalinity (1986 samples only), dissolved common 
cations and anions, and trace metals. A second 
ground-water sampling was conducted, during 1988, 
when 17 samples were collected at different locations. 
Specific conductance, pH, and temperature were mea­ 
sured at the well sites. These samples were analyzed 
by the Oklahoma Department of Environmental Qual­ 
ity (DEQ), formerly the Oklahoma State Department 
of Health (OSDH), for alkalinity, total and dissolved 
common cations and anions, dissolved and total trace 
metals, and organic compounds (five samples). Nine 
samples were analyzed for tritium by the National 
Water Quality Laboratory of the U.S. Geological Sur­ 
vey in Denver.

Surface-water-quality samples and discharge 
measurements were obtained at 29 tributaries to the 
Cimarron River and at 3 gaging stations on the Cimar­ 
ron River (Adams and others, 1994) during a period of

base flow in February 1986. Six measurement loca­ 
tions were on tributary streams draining terrace depos­ 
its, and 23 measurement locations were on tributary 
streams draining Permian geologic units. Specific con­ 
ductance, temperature, and pH were obtained at the 
measurement sites. Water-quality samples were ana­ 
lyzed by the OGS for alkalinity, dissolved common 
cations, anions, and trace metals. All chemical analy­ 
ses of ground- and surface-water samples collected for 
this investigation, along with historic analyses, arc 
presented in Adams and others (1994).

Statistical Summary of Selected Ground- 
Water-Quality Data and Water-Quality 
Standards

Summary statistics arc presented in Appendix 1 
for selected water-quality samples collected during the 
present study from wells located within the terrace 
deposits. The table lists methods used to calculate the 
pcrccntilcs for each constituent, the constituent, num­ 
ber of samples, highest value, lowest value, largest 
minimum reporting level, and selected pcrcentilcs for 
the constituents. Pcrccntilcs for constituents that have 
censored data, or data reported as less than the report­ 
ing level, were calculated by the method of Helscl and 
Cohn (1988). No perccntilcs were calculated if fewer 
than 10 analyses were available for a constituent. 
Water-quality data from four wells drilled through the 
terrace deposits into Permian geologic units were 
excluded from the data set because water from the Per­ 
mian geologic units may have contributed to the water 
samples. The summary statistics are limited in com­ 
pletely representing the water-quality in the terrace 
aquifer because of the following biases: (1) Samples 
were obtained during different years, (2) there was an 
uneven areal distribution of the sampled wells, and (3) 
different laboratories and analytical methods were 
used in analyzing water samples. Because of the diffi­ 
culty of detenu ining appropriate corrections to these 
biases, no corrections were made to the statistical 
summary.

In addition to the statistics, selected U.S. Envi­ 
ronmental Protection Agency (1988a, 1988b) national 
primary and secondary drinking-water standards are 
listed in Appendix 1 for constituents in the table. The 
primary regulations specify the maximum contami­ 
nant levels (MCL), which arc the maximum permissi­ 
ble levels of a contaminant in water in public supplies
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and are health related. The secondary drinking-water 
regulations specify the secondary maximum contami­ 
nant levels (SMCL) for contaminants in drinking 
water that primarily affect the aesthetic qualities 
related to public acceptance of drinking water.

Data from Appendix 1 show that nitrate, total 
nitrite-plus-nitrate, and cadmium concentrations 
exceeded the MCL's in some ground-water samples 
from the terrace deposits. More than 50 percent of the 
46 ground-water samples for nitrate analysis exceeded 
the MCL (10 mg/L as nitrogen). Two different analyti­ 
cal methods were used by the OGS and the OSDH to 
determine the nitrogen species, dissolved nitrate, and 
total nitrite plus nitrate. Figure 13 shows the locations 
where samples were collected for analysis of nitrate 
(dissolved or total) and where nitrate concentrations 
exceeded the MCL. Decker (1994) shows additional 
locations where the concentration of nitrate exceeded 
the MCL. for water-quality samples taken before this 
investigation (1985-88) in parts of Woods, Wood­ 
ward, Alfalfa, and Major Counties.

The three ground-water samples that exceeded 
the MCL for cadmium (5 ng/L) contained high dis­ 
solvcd-solids concentrations and would not be used 
for public supplies. Concentrations of sulfatc, iron, 
manganese, and dissolved solids exceeded the 
SMCL's in some of the water-quality samples. The 
three values for aluminum that exceeded the SMCL 
(50-200 ng/L) were from samples containing high dis­ 
solved solids. One field analysis for pH was less than 
the SMCL (6.5-8.5).

Ground-watcr-quality samples for the analysis 
of pesticides were collected from 5 wells located in the 
terrace deposits: 17N-04W-31 CCC 1, 17N-06W-11 
ODD 1, 23N-11W-19 DA A 1, 24N-I4W-23 CCC I, 
and 26N-13 W-07 BBB 1. The samples were analyzed 
for selected insecticides, herbicides, and polychlori- 
natcd biphcnyls (PCB's) (Appendix 1). All concentra­ 
tions for organic compounds were below the detection 
limits of the analyses, except for aldrin, which was 
detected at a concentration of 0.08 micrograms per 
liter (ng/L) at well 24N-14W-23 CCC 1; there is no 
MCL for aldrin.

Major-Element Chemistry

The major-clement chemistry is shown on fig­ 
ures 14a, 14b, and 14c by modified Stiff (1951) water- 
quality diagrams and associated dissolvcd-solids con­

centrations. The water-quality diagrams show varia­ 
tions in major-clement concentrations for ground- 
water samples from wells within the terrace deposits 
and for surface-water samples obtained during periods 
of base flow from streams draining the aquifer, 
streams draining Permian geologic units, and three 
gaging stations on the Cimarron River. The Stiff 
water-quality diagrams show ionic concentrations in 
milliequivalcnts per liter and arc plotted for sodium 
plus potassium (Na + K), magnesium (Mg), calcium 
(Ca), chloride plus fluoridc (Cl + F), sulfatc (SO4), 
and bicarbonate plus carbonate (HCOs + CO3). 
Anions arc plotted to the right of the vertical axis and 
cations to the left. The area of the diagram is an indi­ 
cation of the dissolvcd-solids concentration. Variations 
in shape of the diagram reflect variations in the chemi­ 
cal character of the water sampled.

Water-type classifications used in this report arc 
based on ratio of mi llicquivalent contributions of vari­ 
ous chemical species to total number of milliequiva­ 
lcnts of cations and anions. The water types are 
determined by the predominant cation and anion. If 
the concentration of the cation or anion in millicquiva- 
lents per liter is greater than 50 percent of the total cat­ 
ions or anions, then that cation or anion is considered 
dominant. If no cation or anion is dominant, the water 
type is described as mixed.

Most water of the terrace deposits varied from a 
calcium bicarbonate to a mixed bicarbonate type. 
Ground-water samples from the terrace deposits had a 
median value of 538 mg/L for dissolvcd-solids con­ 
centration (Adams and others, 1994). Water from sev­ 
eral wells located in the northwestern part of the 
terrace deposits was either a calcium sulfate or sodium 
chloride type. These samples contained more than 
1,000 mg/L of dissolved solids. The calcium sulfate 
water was from Permian geologic units that crop out 
within or underlie the terrace. The sodium chloride 
water within the terrace may have been from upward 
leakage from underlying Permian geologic units, 
recharge from streams draining Permian geologic 
units prior to entering the terrace, or possible contami­ 
nation from oil and gas production sites.

Water types from streams draining the aquifer 
vary. Eagle Chief Creek contained a mixed water type 
with sulfatc the dominant anion and a dissolvcd-solids 
concentration of 1,670 mg/L. Indian, Preacher, West 
Fork Sooner, and East Fork Sooner Creeks also con­ 
tained mixed water types with dissolvcd-solids con-
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centrations of 926, 506, 948, and 564 mg/L, 
respectively.

Generally, the water types for creeks draining 
the Permian geologic units gradually changed from 
west to cast from a calcium sulfatc type to a mixed 
type, to a sodium chloride type water at Salt Creek, 
about halfway down the reach of the Cimarron River. 
The dissolvcd-solids concentrations for tributaries in 
this reach ranged from 2,890 at the upper end to 8,270 
mg/L at Salt Creek. Tributaries in the lower one-half 
of the Cimarron, between Cooper and Gar Creeks, 
showed a mix of different water types with fewer dis­ 
solved solids.

The water type for samples taken from the 
Cimarron River near the three gaging stations at 
Waynoka, Dover, and Guthrie was sodium chloride 
with dissolvcd-solids concentrations of 16,660, 
10,600, and 7,090 mg/L, respectively. Water from the 
Cimarron River contained concentrations of sulfatc 
and chloride that exceed 900 and 5,000 mg/L, respec­ 
tively, which makes the water unsuitable for many 
uses. Sulfatc and chloride arc derived from cvaporitc 
beds within the Permian geologic units that crop out 
over most of the Cimarron River basin from the Okla­ 
homa-Kansas State line downstream to south of 
Dover, Oklahoma.

Water-quality analyses of Cimarron River water 
obtained during base-flow periods show a 
36-percent reduction of dissolved solids between the 
Waynoka and Dover gaging stations. This is an indica­ 
tion of significant dilution by ground-water contribu­ 
tions from the alluvium and terrace deposits along this 
reach of the river. Analyses also show a 33-percent 
reduction of dissolved solids between the Dover and 
Guthrie gaging stations. Dilution along this reach of 
channel probably is due in part to ground-water contri­ 
butions from adjacent terrace deposits and the Garbcr 
Sandstone. There is also substantial inflow from 
municipal treatment facilities from Cottonwood Creek 
just upstream from the Guthrie gaging station.

GROUND-WATER MODEL

The gcohydrologic information presented in 
previous sections of this report is a conceptual model 
of the ground-water flow system in the alluvium and 
terrace deposit aquifer. The conceptual model can be 
considered to be a theoretical description of the 
ground-water flow system in the aquifer. A digital

ground-water flow model was used to test the validity 
of the conceptual model of the aquifer. A digital model 
combines a mathematical model of ground-water flow 
with a conceptual model of the aquifer and computes 
simulated heads and volumetric fluxes. These simu­ 
lated heads and volumetric fluxes then are compared 
to field measurements of the same variables. When the 
computed simulated heads and volumetric fluxes from 
the digital model approximate the measured simulated 
heads and volumetric fluxes, the digital model is con­ 
sidered to be a reasonable approximation of the mod­ 
eled aspects of the ground-water flow system and, by 
extension, the conceptual model of the aquifer is con­ 
sidered reasonable.

Mathematical-Numerical Model

A finite-difference ground-water flow model 
was developed and calibrated to verify the conceptual 
gcohydrologic model for the aquifer under steady- 
state conditions. Steady-state flow conditions require 
that net inflow (recharge) equal the net outflow (dis­ 
charge) and that fluxes or stress are constant with time. 
Thus, hydraulic head is constant and there is no 
change in storage. A steady-state condition may be 
defined mathematically, although it cannot accurately 
represent a real aquifer with large variations in 
recharge and stress.

Steady-state conditions may be approximated 
by the assumption that the aquifer is in a state of 
dynamic equilibrium, for which a steady-state simula­ 
tion based on 1985-86 conditions is a reasonable 
approximation. Water-level fluctuations arc seasonally 
small (fig. 11) and indicate small net changes in stor­ 
age over the long term (fig. 12). Ground-water with­ 
drawals have not changed substantially during a 
period of many years (table 5). Furthermore, 1986 
base flow was concluded to be representative of long- 
term base flow, as discussed previously in the "Surface 
Water" section. Therefore, conditions during 1985-86 
are assumed to represent long-term average steady- 
state conditions.

The computer code used to simulate flow in the 
aquifer was the modular three-dimensional finite-dif­ 
ference ground-water flow model by McDonald and 
Harbaugh (1988). Although the model is designed to 
simulate three-dimensional flow, it can be used to sim­ 
ulate two-dimensional flow, as in this study. The pro­ 
gram employs a block-centered finite-difference
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solution approach to simulate ground-water flow. The 
model solves a large system of simultaneous linear 
equations representing ground-water flow using the 
slice-successive overtaxation method (McDonald 
and Harbaugh, 1988, p. 13-1). No revisions to the 
simulation code were necessary.

A two-dimensional rectangular grid was super­ 
imposed on the aquifer. Hydraulic and physical values 
of the aquifer, such as water-table elevation, base of 
aquifer, and hydraulic conductivity, were discrctized 
to the center of each cell (node). The discretization 
requires that assumptions be made about the hydraulic 
properties. Hydraulic properties are represented by a 
single interpolated value for each cell, which elimi­ 
nates local variations. Thus, hydraulic properties com­ 
puted at the node may not correspond to observations 
made at the edges of the cell. The horizontal dimen­ 
sions of the finite-difference grid used in this model 
are 27 mi wide from southwest to northeast and 104 
mi long from northwest to southeast (fig. 15). The area 
is divided into 2,808 cells, each cell being 1 mi on a 
side. This cell spacing provides appropriate resolution 
for the entire study area, but docs not give sufficient 
resolution for individual wells or well fields.

To simulate the areal extent of the aquifer 1,240 
active cells were used. The remaining cells were inac­ 
tive cells. Inactive cells have zero transmissiviry and, 
thus, no flow into or out of the cell. The head may vary 
at active cells throughout the simulation, although 
control may be placed on the cells to specify head or 
flux. Various types of hydrologic conditions and com­ 
binations may be simulated within an active cell by a 
variety of available options.

The choice of simulating average steady-state 
conditions simplifies the construction of the model by 
eliminating consideration of storage terms and initial 
conditions in the equations of flow. It is assumed that 
the simulated potentiometric surface produced from 
the model will represent the average distribution of 
head in the aquifer resulting from an average of 
boundary values and stresses.

The limitations and misuses of mathematical 
numerical models are presented in Mercer and Faust 
(1981). Modeling assumptions unique to this study 
arc: (1) The Permian geologic units underlying and 
adjacent to the aquifer are impermeable in most areas, 
(2) minimal saturated thickness is assumed along the 
upper reaches of Eagle Chief, Little Eagle Chief, and 
Sand Creeks, and (3) the hydrologic conditions

observed for 1985-86 represent long-term average 
conditions.

Description of Model Boundary Conditions

For the simulation of steady-state flow in the 
aquifer, three boundary conditions (fig. 15) were mod­ 
eled to represent as closely as possible the conceptual 
model: (1) no-flow boundaries, (2) head-dependent 
flux boundaries, and (3) constant-flux boundaries.

No-flow boundaries

All effectively impermeable boundaries of the 
conceptual model were represented by no-flow bound­ 
aries, as noted by the inactive cells shown on figure 
15. A no-flow boundary was used to simulate the 
northeast and west extent of terrace deposits of the 
aquifer that pinch out against relatively impermeable 
Permian geologic units. The no-flow boundary on the 
southwest perimeter represents where alluvium has 
been deposited against relatively impermeable Per­ 
mian geologic units. The contact between the base of 
the aquifer and the Permian geologic units is assumed 
to be a no-flow boundary because the underlying rocks 
are much less transmissive than the aquifer.

Head-dependent flux boundaries

Four separate head-dependent flux-boundary 
conditions of the conceptual model were simulated: 
(1) Leakage to or from the Cimarron River to the aqui­ 
fer, (2) leakage to or from tributaries to the aquifer, (3) 
leakage to Permian geologic units from the aquifer 
system in some areas, and (4) leakage to and from the 
aquifer by subsurface inflow and outflow from allu­ 
vium along the Cimarron River and Turkey Creek. 
The head-dependent flux boundary may be used to 
simulate recharge to or discharge from the aquifer; that 
is, influence by sources of water that are inside or out­ 
side the modeled area. Head-dependent flux bound­ 
aries supply water to a cell in the modeled area at a 
rate proportional to the head difference between the 
source and the cell (McDonald and Harbaugh, 1988).

The leakage of water between the Cimarron 
River and the aquifer was simulated as head-depen­ 
dent flux by using stream nodes of the model river 
package (fig. 15). The Cimarron River was treated as a 
partially penetrating river with a leaky riverbed. The 
leakage between aquifer and river is approximated as
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the product of the difference between the river stage 
and aquifer head times the riverbed hydraulic conduc­ 
tance. The hydraulic conductance represents the 
hydrogcologic parameter controlling leakage to the 
aquifer (McDonald and Harbaugh, 1988, p. 6-5) and 
is the product of the vertical hydraulic conductivity 
(Kr) of the riverbed material and the length (L^} and 
width (Wi) of river reach in each cell, divided by 
thickness of the riverbed (M), as shown in figure 16. 
The lengths of the river reaches for each cell were 
determined from U.S. Geological Survey 
1:250,000-scale maps with the model grid superim­ 
posed. Average Cimarron River widths and stages 
were determined from stage-discharge rating tables 
using records from U.S. Geological Survey gaging sta­ 
tions along the Cimarron River near Buffalo, 
Waynoka, Dover, Crescent, and Guthric. U.S. Geolog­ 
ical Survey 7.5-minute topographic maps were used 
to interpolate the stage data between gaging stations. 
The riverbed was assigned a thickness of 5 ft. No 
riverbed vertical hydraulic-conductivity values could 
be found for the Cimarron River. The vertical hydrau­ 
lic conductivity for the riverbed material was chosen 
as 2.0 ft/d [2.3 x 10"5 feet per second (ft/s)]. The bed 
material and the alluvium arc considered to be the 
same material, so the vertical hydraulic conductivity 
value of 2.0 ft/d was estimated as 1/100 of the median 
horizontal hydraulic conductivity calculated by aqui­ 
fer tests for the Cimarron River alluvium (221 ft/d). 
This value is comparable to a value of 1.34 ft/d that 
was used for similar streambcd material in Kansas 
(Dunlap and others, 1985).

The leakage of water between tributaries and 
the aquifer was simulated as a head-dependent flux by 
using drain nodes of the drain package from the model 
(fig. 15). The tributaries were treated as open drains 
with a leaky channel-bed material. The leakage 
between the aquifer and the tributaries is approxi­ 
mated as the difference between the fixed head (eleva­ 
tion of the bottom of the channel) and the head in the 
aquifer times the channel-bed conductance. Unlike a 
river node, if the head in the aquifer falls below the 
fixed head during simulation, no leakage from the 
channel to the aquifer will be simulated. The tributary 
channel-bed hydraulic conductance represents the 
hydrogcologic property controlling leakage to the 
aquifer and is the product of the vertical hydraulic 
conductivity of the channel-bed material (Kid), and 
length (Li} and width (Wrf of channel reaches in each 
cell, divided by the thickness of the channel-bed mate­

rial (M) (fig. 16). Lengths of individual channel 
reaches were measured from a U.S. Geological Survey 
l:250,000-scalc map with the model grid superim­ 
posed. Fixed heads (elevation of the bottom of the 
channel bed) were estimated from U.S. Geological 
Survey 7.5-minutc topographic maps. Widths of 
stream channel and thickness of channel-bed material 
were estimated from field observations. Stream chan­ 
nel widths ranged from 5 to 30 ft, and the thickness of 
channel-bed material ranged from 1 to 5 ft. The 
hydraulic conductivity for the channel bed was chosen 
to be the same as for the Cimarron River bed material, 
2.0 ft/d.

Leakage to Permian geologic units from the 
aquifer in limited areas along the northeastern bound­ 
ary of the aquifer (as discussed in the "Ground Water" 
section) was simulated as a head-dependent flux 
boundary using the general head-boundary package 
for the model (fig. 15). Permian geologic units have 
small hydraulic conductivity and generally are treated 
as a no-flow boundary except for these limited areas. 
The discharge by leakage from the aquifer to the Per­ 
mian geologic units was approximated as the differ­ 
ence between the fixed head in the Permian geologic 
unit and the head in the aquifer times the hydraulic 
conductance. The leakage from the head-dependent 
boundary representing the geologic unit adjacent to 
the model area is controlled by the hydraulic conduc­ 
tance (McDonald and Harbaugh, 1988, p. 11-2). 
Hydraulic conductance of the Permian geologic units 
is the horizontal hydraulic conductivity (Kha) of adja­ 
cent unit, times the width of cell (W^), times aquifer 
thickness (B), divided by the length of the flow path 
(L2) as shown in figure 16. The hydraulic conductivity 
values for the Permian geologic units were determined 
by trial and error during model calibration. These val­ 
ues were in the typical range for this type of geologic 
unit (Freeze and Cherry 1979).

Leakage to and from the aquifer by subsurface 
inflow and outflow from alluvium along the Cimarron 
River and Turkey Creek also were simulated as a 
head-dependent flux boundaries using the general 
head-boundary package for the model. Alluvium 
extends beyond the upstream and downstream geo­ 
graphic limits of the study area. General head bound­ 
aries were used to represent subsurface inflow at the 
upstream ends of the Cimarron River and Turkey 
Creek, and subsurface outflow at the downstream end 
of the Cimarron River. Recharge by subsurface inflow 
and discharge by subsurface outflow may be approxi-
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mated as the difference between the assigned fixed 
head in the river outside the study area and the head of 
the river node at the study boundary times the hydrau­ 
lic conductance. The hydraulic conductance is the hor­ 
izontal hydraulic conductivity of the alluvium, times 
the width of cell, times the aquifer thickness, divided 
by the length of the flow path. The hydraulic conduc­ 
tivity for the alluvium was chosen to be 104.5 ft/d, the 
same as the model-calibrated hydraulic conductivity.

Constant-flux boundaries

Two separate constant-flux boundaries arc rep­ 
resented in the model. A constant-flux boundary is a 
boundary condition that has a fixed value of volumet­ 
ric flow rate per unit area (discharge) across the 
boundary. Uniform arcal recharge across the upper 
water-table surface was simulated as a constant-flux 
boundary using the recharge package of the model. A 
recharge rate of 2.3 in/yr was used in the model. This 
rate was based on (sec "Recharge" section) the extrap­ 
olated base-flow estimate (173 ft3/s), the reported 
average annual pumpage (24.43 tWs), and the drain­ 
age area (1,167.2 mi2). Stresses (totaling 24.43 ft3/s) 
resulting from reported annual withdrawals for munic­ 
ipal, irrigation, industrial, and mining were simulated 
in the model by specifying a constant-flux rate at the 
nodes representing the cells containing the well or 
wells, using the well package of the model. An irriga­ 
tion withdrawal rate of 10.90 ft3/s, 80 percent of the 
reported value was used in the model, because 20 per­ 
cent (2.73 ft3/s) was considered return flow (sec 
"Withdrawals" and "Irrigation return flow" subsec­ 
tions.

The terrace deposits located in several areas as 
noted on figure 5 were not included as active nodes in 
the model. These deposits have little or no saturated 
thickness, thus precluding significant ground-water 
flow.

Steady-State Simulation and Calibration

The steady-state model was calibrated to simu­ 
late the flow system in the aquifer. For the purpose of 
calibration it was assumed that hydrologic conditions 
measured for 1985-86 represented long-term steady- 
state conditions. Calibration of the ground-water 
model consisted of adjusting model input parameters 
within objective criteria so that the simulated water 
levels and flow rates accurately simulated the assumed 
average water levels and flow rates. The model input

parameters included recharge; altitude of aquifer base; 
hydraulic conductivity of the aquifer; hydraulic con­ 
ductivities of the riverbeds, drainbeds, and Permian 
geologic units; pumpage withdrawals; and initial alti­ 
tude of the potcntiometric surface. Some of the param­ 
eters were known more accurately than others and, 
therefore, were adjusted less or not at all during the 
calibration process.

To demonstrate that the flow model is reason­ 
able, model results must correlate closely with field 
observations. Field observations used to calibrate the 
model include measured ground-water levels and dis­ 
charge measurements for the river between Waynoka 
and Dover along the Cimarron River. The calibration 
process consisted of holding the areal recharge con­ 
stant and adjusting the hydraulic conductivity of the 
aquifer to produce a reasonable match between simu­ 
lated results and field observations. The model param­ 
eters recharge and hydraulic conductivity are 
proportional; therefore, either parameter may be held 
constant and the other adjusted to produce a match 
between simulated and measured water levels. The 
parameter recharge was known more accurately and 
held constant for the following two reasons: (I) 
Recharge was estimated from measured base-flow 
which is representative of long-term average condi­ 
tions (see "Recharge" and "Surface Water" sections) 
and (2) hydraulic conductivity varies spatially and the 
wells used in the aquifer tests were deliberately sited 
in productive areas of the aquifer.

At the end of each model simulation, the simu­ 
lated values of hydraulic heads and volumetric fluxes 
were transferred to a management and statistical pro­ 
gram called the Modular Model Statistical Processor 
(MMSP) for analysis (Scott, 1989). The MMSP was 
used to evaluate the goodness of fit of the simulation 
results by measuring: (1) The mean of the arithmetic 
values of head difference between simulated and mea­ 
sured aquifer heads at every active node, (2) The mean 
of the absolute value of head difference between simu­ 
lated and measured aquifer heads at every active node, 
and (3) Root mean squared value of head difference 
between simulated and measured aquifer heads at 
every active node. The mean of the arithmetic values 
of head difference was calculated by summing the dif­ 
ferences between measured and simulated head at 
each active node and dividing by the total number of 
active nodes. This value should approach zero in the 
calibration process, showing that, on the average, sim­ 
ulated and measured heads are the same, and that posi-
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tivc differences arc balanced by negative differences. 
The mean of the absolute values was calculated by 
summing the absolute values of the difference 
between measured and simulated heads at each active 
node and dividing by the number of active nodes. This 
sum also should be minimized during the calibration 
process, which indicates that the absolute difference 
between measured and simulated heads is small. The 
root mean squared value of head difference was calcu­ 
lated by summing the squares of the difference 
between measured and simulated heads at each active 
node and dividing by the number of active nodes.

The model-calibrated hydraulic conductivity of 
104.5 ft/d for alluvium and 47.5 ft/d for terrace depos­ 
its arc about one-half the median values (221 ft/d and 
98 ft/d, respectively) obtained from aquifer tests. The 
reason for this discrepancy is not known, although it 
may be related to the fact that the wells used in the 
aquifer tests were deliberately sited in productive 
areas of the aquifer.

Once the steady-state flow model was adjusted 
to produce a reasonable agreement between simulated 
and measured heads, final calibration was achieved by 
adjusting the recharge estimated from the conceptual 
model to match the stream-aquifer flux along the river 
reach between Waynoka and Dover. The base flow 
between the gaging stations at Waynoka and Dover 
was 133 ft3/s in February 1986. The calibrated steady- 
state model simulated a base flow of 132.86 ft3/s. The 
MMSP calculated an arithmetic mean head difference 
of 0.004, a mean of the absolute values head differ­ 
ence of 5.70, and a root mean squared value of head 
difference of 7.69 ft per model cell for the final steady- 
state model simulation. The inspection of the distribu­ 
tion of the differences between the simulated and mea­ 
sured heads for individual cells indicates areas where 
the model does not accurately fit the conceptual 
model. The maximum and minimum of difference 
between simulated and measured heads was 27.60 
(simulated head was below observed head) for cell 
19,16 (row, column) and-18.58 (simulated head was 
above measured head) for cell 16,39; cell 20,17 went 
dry during the simulation. The most notable deviation 
between simulated and measured heads occurs in the 
eastern and west-central part of the study area (figs. 8 
and 17). In these areas the simulated head is greater 
than 20 ft below observed head. These differences 
were considered to be tolerable because the altitude of 
water levels arc considered accurate to within plus or 
minus 10 ft.

The potentiometric surface simulated by the 
steady-state model is shown in figure 17 and is a rea­ 
sonable match to the 1985-86 potentiometric surface 
shown in figure 8. A closer match between simulated 
and measured potentiometric surfaces could have been 
obtained if hydraulic-conductivity values were indi­ 
vidually adjusted throughout the model grid. Some 
heterogeneity undoubtedly exists in the aquifer, 
although hydraulic-conductivity data are not available 
to document arcal variation. Any further attempt to 
improve the match between simulated and measured 
water levels by altering assigned values of hydraulic 
conductivity was deemed impractical and unjustified.

In addition to simulating water levels the cali­ 
brated model provided simulated hydrologic fluxes. 
The rates at which water leaves and enters the aquifer 
represent the mass balance. The mass balance for the 
steady-state simulation is shown in figure 18.

Sensitivity Analyses

The sensitivity of the calibrated ground-water 
model to selected model parameters was tested. 
Recharge and hydraulic conductivity each was varied 
uniformly in the steady-state model as all other model 
parameters were held constant. The effect of these 
variations on the simulated heads was measured by the 
mean of the arithmetic differences between simulated 
and measured heads. Figure 19 shows the rate of 
change in the mean of the arithmetic differences 
between simulated and measured head at every active 
node when recharge and hydraulic conductivity are 
varied individually in 5 percent intervals to a total of 
20 percent greater than and 20 percent less than their 
respective calibrated values. The slope of the lines 
connecting the points indicates the sensitivity of the 
model to changes in the values. The effect of varying 
the recharge by plus and minus 20 percent changes the 
mean of the arithmetic head difference from -3.8 ft to 
3.5 ft. The effect of varying the hydraulic conductivity 
plus and minus 20 percent changes the mean of the 
arithmetic head difference from 2.7 ft to -3.6 ft. Thus, 
simulated heads are comparably sensitive to recharge 
and hydraulic conductivity.

SUMMARY

Ground water in alluvium and terrace deposits 
of Quaternary age along the Cimarron River from

44 Geohydrology of Alluvium and Terrace Deposits of the Cimarron River From Freedom to Guthrie, Okla.
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Head-dependent boundary 
(leakage to Permian geologic 
units) 
5.86

Recharge 
203.38

Pumpage
withdrawals
24.06

Streams Drains

Cimarron River alluvium and 
terrace deposits

Head-dependent boundary 
(subsurface inflow) 
0.22

Head-dependent boundary 
(subsurface outflow) 
0.07

Figure 18. Mass balance for steady-state simulation (rates are in cubic feet per second).
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Figure 19. Diagrams showing sensitivity of simulated head in the 
study area to changes in recharge rate and hydraulic conductivity 
during steady-state simulation of 1985-86 head distribution.
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Freedom to Guthrie, Oklahoma, an area of approxi­ 
mately 1,305 mi2, is used extensively for irrigation,

municipal, stock, and domestic supplies. An investiga­ 
tion was undertaken, in cooperation with the Okla­ 
homa Geological Survey, to provide state water 
managers with the quantitative knowledge necessary 
to manage the ground-water resource effectively. The 
deposits are composed of varying proportions of clay, 
silt, sand, and gravel and vary in thickness from 0 to as 
much as 120 ft. Terrace deposits vary in thickness 
because of crosional features in the underlying Per­ 
mian geologic units and variation in deposition and 
erosion of the deposits. The alluvium and terrace 
deposits associated with the Cimarron River are con­ 
sidered a single aquifer unit. The aquifer is unconfincd 
and has an average saturated thickness of 28 ft. The 
amount of water in storage, assuming a specific yield 
of 20 percent, was 4.47 million acre-feet in 1985-86. 
The boundaries of the aquifer arc where the alluvium 
and terrace deposits of the aquifer abut relatively 
impermeable Permian geologic units. The base of the 
aquifer is the contact with underlying Permian geo­ 
logic units. Ground-water leakage across the contact is 
assumed to be negligible at most locations.

The 1985-86 potentiomctric-surfacc map indi­ 
cates that ground-water flow is from topographically 
high areas farthest from the Cimarron River and its 
perennial tributaries to areas of low head at the Cimar­ 
ron River and its perennial tributaries. The potentio­ 
mctric-surfacc map also indicates several areas along 
the northeastern boundary where ground water flows 
northeast out of the aquifer. Regional ground-water 
flow is generally to the southeast to southwest towards 
the Cimarron River, except where the flow direction is 
affected by perennial tributaries of the Cimarron 
River. The water table fluctuates in a cyclical manner 
because of seasonal climatic changes and seasonal irri­ 
gation practices.

Estimates of transmissivity from aquifer tests 
conducted by previous investigators ranged from 603 
to 10,184 ft/d. Hydraulic-conductivity values ranged 
from 15 to 542 ft/d, with a median of 221 ft/d for allu­ 
vium and 98 ft/d for terrace deposits. Specific yields 
ranged from 0.0016 to 0.39.

Recharge to the aquifer is from downward per­ 
colation of precipitation and from return flow of 
applied irrigation water. Small quantities of water also 
recharge the aquifer from leakage of surface water 
through stream channels of the Cimarron River and

perennial tributaries, and from subsurface inflow from 
alluvium along the Cimarron River and Turkey Creek 
at the geographic limits of the study area. Estimated 
average recharge to the system is 207 ft /s. This 
recharge amount is approximately 8 percent of the 27 
in/yr mean of the average annual precipitation mea­ 
sured at Freedom, Kingfisher, Waynoka, and Guthrie. 
Average discharge from the aquifer by seepage to the 
Cimarron River and perennial tributaries, including 
the effect of cvapotranspiration along streams, is esti­ 
mated to be 173 ft3/s. Discharge by withdrawals from 
wells was estimated to be 24.43 ft5/s in 1985. Small 
quantities of water are discharged by leakage to Per­ 
mian geologic units and by subsurface outflow from 
alluvium along the Cimarron River at the downstream 
limits of the study area.

Ground water is withdrawn for municipal, 
domestic, industrial, mining, irrigation, and stock- 
watering uses inside the study area, and for municipal, 
domestic, and industrial uses outside the study area. 
Domestic water supplies also arc provided by rural 
water districts serving areas within and outside the 
study area. Surface water is withdrawn for industrial, 
irrigation, stock-watering uses, and for recreation, fish, 
and wildlife. Reported average annual ground-water 
withdrawals by category in 1985 were: Municipal, 
9,209 acre-feet; irrigation, 9,868 acre-feet; industrial, 
149 acre-feet; and mining, 434 acre-feet. The reported 
surface-water withdrawal in 1985 is 258 acre-feet.

Field water-quality measurements and ground- 
water samples from 67 wells completed within the ter­ 
race deposits were collected during 1985, 1986, and 
1988. The samples were analyzed for alkalinity, total 
and dissolved common cations and anions, trace met­ 
als, tritium, and selected organic compounds. Surface- 
water samples obtained during a period of base flow 
from the Cimarron River and 29 tributaries to the 
Cimarron River were analyzed for alkalinity, dissolved 
common cations and anions, and trace metals. More 
than 50 percent of the 46 ground-water samples 
exceed the Maximum Contaminant Level in concen­ 
trations of nitrate. Values of pH, sulfatc, aluminum, 
iron, manganese, and dissolvcd-solids exceeded the 
Secondary Maximum Contaminant Level in some of 
the ground-water-quality samples.

Most water in the terrace deposits varied from a 
calcium bicarbonate to mixed bicarbonate type, with a 
median value of 538 mg/L of dissolved solids. The 
water type from streams draining the aquifer varied. 
Water in the Cimarron River was a sodium chloride
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type with dissolvcd-solids concentrations of 16,600 
mg/L at Waynoka and 7,090 mg/L at Guthric.

A finite-difference ground-water-flow model 
was developed and calibrated to test the conceptual 
model of the aquifer under steady-state conditions. It 
was assumed that hydrologic conditions during 1985- 
86 represented long-term average steady-state condi­ 
tions. The calibrated hydraulic conductivity for the 
alluvium and terrace deposits arc 104.5 and 47.5 ft/d, 
respectively. The model simulated a mean of the arith­ 
metic values of difference between measured 1985-86 
heads to simulated heads as 0.004 ft, mean of the 
absolute values of head difference between measured 
1985-86 heads to simulated heads as 5.70 ft, and the 
root mean squared value of head difference between 
measured 1985-86 heads to simulated heads as 7.69 ft. 
The model simulated discharge to the Cimarron River 
between Waynoka and Dover was 132.86 ft3/s. The 
model was considered reasonable because the altitudes 
of the wells used to measure head were considered 
accurate to within plus or minus 10 ft, and the mea­ 
sured discharge along the Cimarron River between 
Waynoka and Dover was 133 ft3/s in February 1986.
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